Introduction
The nation needs a new transportation system to relieve safety and congestion problems currently on highways and in the air. The nation's highway systems are frequently plagued with delays and accidents, and the nation's hub-and-spoke airports are overwhelmed with increased air traffic, leading to delays and flight cancellations. 1 With over 5,000 small airports already in place across the country in almost every locality, a small aircraft transportation system that is both a safe and affordable alternative to current transportation systems could provide an effective solution. 1 The Small Aircraft Transportation System (SATS) Project is a nation-wide project that is conducted through a public-private partnership including NASA, the FAA, and the National Consortium for Aviation Mobility (NCAM) SATSLabs. 2 The objective of the project is to enable expanded use of small airports and small aircraft for public transportation. Within the five year period (2001 -2005) , the project will demonstrate SATS operational capability in four major areas 2 :
Compared to today's air transportation system, SATS is more of a distributed air/ground management system. The reliance of airborne aircraft on ground infrastructures and ground traffic controllers will be significantly reduced, and pilots will have more flexibility and more responsibility, especially in ensuring their flight safety. For instance, in the SATS HVO concept, the pilots sustain the responsibility of safety separation if their aircraft are in the Self-Controlled Area (SCA), which is a designated airspace volume surrounding the airport. The ATC only provides separation assurance outside the SCA. 3 In SATS, besides the traditional flight tasks of controlling, navigating and communicating, the pilots will handle tasks of increasing complexity and difficulty. Pilots are required to handle a large amount of data fed from various sources: ground facilities, Flight Information Service (FIS), Weather Information Service (WIS), and other aircraft in the neighboring airspace via Automatic Dependence Surveillance-Broadcast (ADS-B), or pilot radio communication. They need to continuously perform situation assessment and make timely and appropriate actions in response to the current situation. Increased information processing, as well as augmented aircraft safety responsibility, leads to significantly increased flight task demand and pilot workload.
It is believed that introducing cockpit automation can mitigate the increased pilot workload in the GA cockpit. More and more GA aircraft owners have started installing advanced automated systems such as autopilot and GPS in their cockpit. While using these systems can greatly decrease pilot workload related to the controlling and navigating tasks, a big question still remains on how to decrease pilot workload related to the cognitive tasks like information handling and decision making.
This paper presents the design of a new onboard pilot decision aid system called the Small Aircraft Pilot Assistant (SAPA). It is a cost-effective system dedicated to a SATS type aircraft conducting HVO in an SCA. SAPA aims to increase cockpit decision-making capacity by automating part of the pilot decision-making process, especially in its early stages of information acquisition and analysis. Designing the SAPA is an extension of the research work conducted by the Texas A&M University Flight Simulation Laboratory on the design and development of intelligent cockpit systems and pilot decision-aiding tools for GA aircraft over the last ten years. Examples of earlier pilot decision-aid tools are the General Aviation Pilot Advisor and Training System (GAPATS) 4 and the Hierarchical Agent Based System for GA Conflict Detection and Resolution (CD&R). 5 GAPATS is a computerized airborne advisory system which assesses the pilot's flying performance and issues the recommended pilot actions in all flight phases from takeoff to landing. The Hierarchical Agent Based System provides pilots with conflict-free flight path guidance in situations where severe weather conflicts and airborne traffic conflicts occur simultaneously. The design and development of the SAPA is a direct extension of these earlier systems.
The paper is organized as follows. Section two describes in detail the design of the SAPA. Section three describes the real-time multi-pilot simulation facility. Section four introduces the pilot evaluations of the SAPA. Section five describes some ongoing research effort. Finally, section six concludes the paper.
II. Small Aircraft Pilot Assistant
A. System Overview The HVO concept imposes high pilot workload without precedent in the terminal area. Of all the flight phases, approach and landing always has the highest task requirements. In the HVO concept, additional tasks and responsibilities are assigned to the pilots who are already under a demanding workload, and excessive pilot workload eventually leads to the deterioration of flight safety.
To resolve the high pilot workload problem, increased cockpit automation is applied to share more and more pilot tasks. In modern cockpits of commercial transporters and business jets, automation systems like autopilots and FMS are widely employed. For general aviation aircraft, increased cockpit automation is also an inevitable trend. In the near future, however, automation can not entirely substitute for pilots in the GA cockpit. For safety purposes, human pilots always remain in the decision-making loop, and automation only serves the pilots as a pilot decision aid.
Design of a pilot decision-aiding tool emphasizes on the interaction between pilots and machines and how machines can assist pilots in performing a task. What kind of automated tools are more acceptable to pilots? This question can be answered by examining the strengths and weaknesses of both humans and automations. Automations have advantages in monitoring and repeating simple tasks. However, automations are not good at managing information from various sources and making good decisions. On the other hand, according to human factors research done by the FAA, "People are notoriously poor monitors 6 ", but "People are flexible information processors who are sensitive to changing conditions and situations. They are resourceful in using both quantitative and qualitative information and in integrating information received from various sources. 6 " It is the exceptional information-managing capacities, complemented with training and experience, that make the pilot an irreplaceable part of the cockpit. In light of the different characteristics of humans and automations, a successful real-time pilot decision-aiding tool is able to decrease the pilots' monitoring tasks and simple repetitive tasks. With the assistance of this kind of decision-aid tool, pilots can perform flight tasks more efficiently and safely under time pressures.
There are many monitoring and repetitive tasks for pilots in the SCA. For example, when the aircraft is holding at 3000 feet, they need 1) to check from time to time if the 2000 foot level is available; During the entire approach, they need 2) to identify the current flight segments and whether their aircraft is in conformance. They need 3) to monitor the traffic in SCA and detect potential traffic conflicts with other aircraft. The Small Aircraft Pilot Assistant (SAPA) is designed to automate most of these tasks for pilots, in order to decrease their workload and increase their decision-making capacity. Figure 1 illustrates the modular layout of the SAPA and its interaction with pilots, external data recourses, and hardware. It consists of five major modules, and the interface and integration of these different modules is implemented around a central data object that is used to coordinate the data communication between the different modules. The data object also contains a navigation database extracted from the Jeffson database, and it serves as the interface of the SAPA with eternal data recourses. 
B. System Layout

C. External Data Inputs
There are four major inputs to the SAPA: (1) flight clearances and instructions from the ATC, (2) landing notifications and the SCA status from the Airport Management Module (AMM), the arbiter and sequencer of the SCA. (3) ownship states information and flight plans, and (4) ADS-B messages from other aircraft in the vicinity. One ADS-B message is composed of three parts 7 : the state vector report which contains aircraft three-dimensional GPS position and velocity vector information, the mode status report that has aircraft operational information, and the on condition report which includes the aircraft sequence status and intended route information.
D. Flight Segment Interpreter
The Flight Segment Interpreter (FSI) determines the current flight segments of all the participating aircraft in an SCA, including that of the ownship. It classifies the current flight segment based on the measurements of aircraft flight states (e.g., positions, airspeeds) obtained from the sensors. These measurements are regarded as "state variables," which define a state space for the airplane. The flight segments are modeled in terms of the flight variables, which decompose the state space into several partitions. The current flight segment is determined by within which state-space partition the vector of flight variable measurements falls. However, state-space partitions for different flight segments may overlap, which makes modeling flight segments not always unique. A decision method based on Fuzzy Logic decision theory is used to resolve this ambiguity. For each flight segment, a hypertrapezoidal fuzzy membership function 4 is defined upon the state space. When called with a measured vector, the function returns a value between zero and unity indicating the probability of the aircraft within a specific flight segment. The current flight segment is the one with the highest probability. Hypertrapezoidal fuzzy membership functions have been successfully applied in the GAPATS system 4 , in which they are used to segment an aircraft's flight variables into the different predefined modes of operation (e.g., cruise, initial approach, final approach, etc).
Figure 2: 2-D Hypertrapzoidal Fuzzy Functions E. Conformance Monitor
After the FSI infers the current flight segment of the ownship, the Conformance Monitor (CM) determines whether the aircraft is in conformance with the flight segment or not. For each flight segment, there are four major types of rules for conformance determination. 7 The first type is navigation related. It limits the deviation of the aircraft from its nominal approach path within a containment volume (CV) of predefined size and shape. For example, Figure 3 illustrates the vertical and horizontal parts of the Holding Pattern containment volume. 7 The second type is speed related, which restricts the airspeed and vertical rate of the aircraft within a speed profile range that is dependent on the flight segment and the aircraft type. The third type is traffic surveillance related: the aircraft should not be in a mid-air collision conflict with any other aircraft. The last type is the HVO procedure related: the aircraft should follow the normal HVO flight procedures. For example, the aircraft is considered to be out of conformance if it holds too long at the Initial Approach Fix (IAF). The CM is implemented as an expert system that consists of a collection of conformance rules, using a common expert system building tool: CLIPS. 8 The output of the CM includes a Boolean value indicating the conformance status and a list of strings indicating which conformance rules are violated.
F. Traffic Conflict Detector
Implementation of the Traffic Conflict Detector (TCD) follows the SCA Conflict Detection Logic provided by NASA LaRC. 7 Note that the TCD uses two types of aircraft trajectory projection: if an aircraft is out of conformance, its trajectory projection is state-based, which assumes it flies a constant speed at the current heading for a look-ahead time; if an aircraft is in conformance, its trajectory projection is intent-based, which assumes it follows its NAP and remains within the Containment Volume. Using two different projection methods regarding the aircraft's conformance status is to reduce the false alarm rate. A potential traffic conflict between two aircraft occurs if in the predefined look-ahead time (2 minutes), the protected zones (1.5 nautical miles in radius and 250 feet in height) of two aircraft overlap.
G. Pilot Advisor
Based on the current flight states, the Pilot Advisor decides what advisory messages should be presented to pilots and at which alert level. The advices are of two major types: HVO procedure support and flight operation support. The former assists pilots in performing the immediate task required by the HVO and the latter assesses the manner in which pilots fly the airplane and advises possible pilot mis-operations. There are three alert levels: warning, caution, and advisory, ordered in decreasing degree of severity. The output of the Pilot Advisor is various types of symbology sets and alarms, via the Pilot Interface Manager, to be displayed on the Head Up Display (HUD) and the Head Down Display (HDD).
The HVO procedure support has two sub-modules: An altitude determination tool and an approach spacing tool. The altitude determination function aids the pilot in determining the lowest available altitude, both upon entry to the SCA and when flying a missed approach procedure. An approach spacing tool determines whether the pilot is able to initiate an approach without violating the spacing rule, which is to maintain 3 nautical miles behind the leading aircraft throughout the approach. The spacing algorithm used is dependent on the approach speeds of the leading aircraft and ownship aircraft.
The flight operation support assists pilots in safely maneuvering the aircraft by detecting and advising possible pilot mis-operations during the approach. Examples of these advices are as follows: reminding pilots to put down the gear and to set the flaps in final approach; warning pilots when the aircraft is approaching stall speed; indicating the approaching MAP so that pilots can decide whether to do a missed-approach or not. This part of the Pilot Advisor is implemented as an expert system using the CLIPS.
H. Pilot Interface Manager
The Pilot Interface Manager determines what information should be displayed on the hardware displays, and how to present it. Currently, the SAPA is connected to two displays, a Head Down Display (HDD) and a Head Up Display (HUD). The HDD is a multi-functional information display for navigation, traffic, and other necessary flight information. Most of the icons and texts displayed on its moving map are explained in Figure 4 . The circle around a traffic aircraft implies its protected zones, which must not overlap with the one around the ownship. If the traffic aircraft has a potential conflict with the ownship, the circle flashes red to warn the pilot.
Figure 4: Head Down Moving Map Display
Though using a HUD is not considered a necessity in the SATS program, pilot test results from our previous research suggests that using a HUD can greatly improve pilot situational awareness. The HUD used for all of the tests and evaluations in this research is shown in Figure 5 . 
Real-Time Flight Simulation Facility
Evaluation of the SAPA is conducted using the distributed real-time, multi-pilots in the loop flight simulation system in the Texas A&M University Flight Simulation Laboratory. The simulation system consists of two types of simulators: the cockpit simulator and pilot stations. The cockpit simulator (shown in Figure 6 ) is created from an actual aircraft cockpit with Liquid Crystal Display (LCD) touch screens in place of the instrumentation. These can be independently configured to display a range of interfaces from standard cockpit gauges to advanced moving map, autopilot, or advisory systems. The exterior view is displayed by three projectors to provide a 155º horizontal field of view and a 75º vertical field of view. There are four off-the-shelf PCs, one running Linux and 3 running Windows XP, that run this simulator. The Linux PC runs a six degree of freedom nonlinear model. This machine also communicates with the data acquisition hardware in the cockpit to obtain the control inputs and other commands from the pilot in the cockpit. The Windows XP PCs each drive a projector with an exterior view. Two of these also provide the graphics display to the two HDD in the cockpit. The exterior view is generated using Microsoft Flight Simulator (MSFS) version 2004. 10 MSFS is used only for the graphics and is driven by the aircraft states calculated in the nonlinear six degree of freedom model.
Figure 6: Main Cockpit Simulator
In addition to the main cockpit simulator, there are three pilot stations ( Figure 7 ). Each pilot station has a single PC running Windows XP and using MSFS for both the dynamic model and graphics. The pilot stations are single seats consisting of full yokes and rudder pedals including levers and switches for standard controls such as throttle, gear, flaps, trim, etc. The exterior view is displayed on a 30" widescreen LCD and the cockpit interface (gauges, moving map, etc.) is displayed on a 15" LCD touch screen.
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Figure 7: Pilot Station Simulators
One of the most important capabilities of the simulation system is the ability to fly up to four pilots simultaneously in a multi-pilot environment. This is enabled by the combination of MSFS's multiplayer capability and our own multiple aircraft simulation software. This ability opens up a whole new range of traffic scenarios for the pilot evaluation and human factors testing for the SAPA.
IV.
Evaluation of SAPA
A series of pilot evaluation of SAPA has been conducted along with the process of its implementation. A brief description of the setup and the results of these piloted testing will be in the following two sections. More detailed pilot testing reports can be found in Ref. 11 .
A. Pilot Testing Setup
All testing is conducted at a virtual SCA that has been created around Texas State Technical College Airport (KCNW) in Waco, TX. For the convenience of test pilots, a SATS approach plate was created for the tests (Figure 8 ) based on the current KNCW GPS approach plate. Note that approach fixes LEROI and TITAH are the actual Final Approach Fix (FAF) and Missed Approach Point (MAP) of the existing GPS approach. Hypothetical fixes created for the tests are RAZVY, FORTR, and LOUIE, which serve as the IAF-R, Intermediate Fix (IF), and IAF-L of the SCA respectively.
Figure 8: SATS Approach Plate for KCNW, Waco, Texas
Four test pilots participated in the series of simulation evaluation of the SAPA. The flight experience of these test pilots ranges from private pilots with less than 50 flight hours, to a certified flight instructor.
The first objective of the SAPA evaluation is to verify that all the SAPA automated situation assessment modules, as described in the previous sections, can correctly perform their designed decision-support functionalities. The evaluation has been conducted using two kinds of test scenarios: normal HVO scenarios and non-normal HVO scenarios. In normal HVO scenarios, it is assumed that all aircraft follow the HVO procedures exactly. Modules such as Navigator and Pilot Advisor are tested in these scenarios. As demonstrated in Reference 6, flight safety in the SCA is assured if all participating aircraft follow the HVO procedures. Therefore it only makes sense to test the Conformance Monitor, the Traffic Conflict Detector, in non-normal operation scenarios. In these scenarios it is assumed that some of the aircraft in the SCA either fail to follow the HVO procedures, fly out of conformance, or incur traffic conflicts with other aircraft, all due to only failure of aircraft systems or pilot mistakes. Table 1 lists a few of the test scenarios. In each scenario, there are at least four aircraft, one of which is the piloted aircraft, and the others are computer simulated aircraft. The advantage of using software simulated aircraft over piloted aircraft is that it is easy to generate repeatable scenarios for different test pilots. Leading aircraft has a loss of power, incurring loss of separation with the piloted aircraft 4
Piloted aircraft initiates approach too early, incurring conflict with its leading aircraft 5
Pilot aircraft flies to a wrong MAHF, incurring conflict with the holding aircraft
The second objective of is to acquire some preliminary feedback from the pilots on utilizing automated decision-support system like the SAPA. The test scenarios for the evaluation were two normal HVO scenarios, and one of the scenarios was conducted in both IFR and VFR conditions. For each scenario, there were four piloted aircraft and no computer simulated aircraft. At the conclusion of the scenarios, the pilots were asked to provide comments on the workload and situational awareness while flying the SCA entry/approach under both VFR and IFR conditions as well as any recommendations for future improvements.
Though no formal human factor evaluation has been conducted on the SAPA, it has been done indirectly in association with other SATS research projects. SATS has been used as the simulated avionic in the research of improving aircraft sequencing and separation at a SATS airport. 12 The pilot tests conducted in this research project used the same multipilots-in-the-loop simulation facility as the SAPA, which was described in the previous section. The Bedford workload rating scale has been used in the pilot testing to measure the pilot workload, and pilot survey has been designed to characterize the pilot test situation. SAPA has also been incorporated into the software package developed by SATS NC&UGP Lab to support its Traffic Situation Display (TSD), as one critical module to provide pilot advisory messages on the display. The evaluation of the TSD was performed in a Piper Aztec. Measurement of pilot workload in the flight tests used both subjective ratings and NASA Task Load Index.
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B. Pilot Testing Results
The pilot testing of the SAPA not only demonstrated all of the SAPA designed functionalities, but also showed that with the assistance of the SAPA, pilots can successfully follow the HVO procedures during non-normal operations. 11 In general, the pilots felt that the workload was not excessive and that the situational awareness was good throughout each run. The pilots did not notice any substantial differences in workload or situational awareness between the VFR and IFR conditions since in essence this only becomes a factor at the final approach and landing phases.
The pilot tests of the other two research projects using the SAPA both showed reduction in the workload when using pilot displays powered by such a decision support system. In the first research project, the research on improving aircraft sequencing and separation at a SATS airport, the testing results have shown that by the addition of an automated system, the pilot's workload was reduced due to the shared computation responsibility between the pilot and the intelligent avionics. Moreover, the SAPA's automated approach spacing guidance tool improved the pilot's performance in the approach and landing phases. However, as to the situation awareness, pilots generally commented that the information they were presented was not quite sufficient. 13 Similarly, the evaluation of the Traffic Situation Display (TSD) showed that using the TSD results in a reduction of pilot workload based on the Task Load Index results and improved approach accuracy. 13 However, pilots also commented that more information is needed on the display for improving situational awareness.
V. Ongoing Research Effort
There are two important ongoing research issues for automated pilot decision support systems, like the SAPA, for General Aviation Aircraft. One is to determine the appropriate levels of automation of these pilot decision aids. The other is to design an automated warning/advising prioritization algorithm to address simultaneous warning/advising messages from multiple automated situation assessment modules. These two issues will be discussed in brief in the following two sections.
A. Determining Levels of Automation
In order to evaluate the appropriate levels of automation required for the automated pilot decision support system, the concepts behind NASA's Function-specific Level of Autonomy and Automation Tool (FLOAAT) 15 will be employed. FLOAAT was originally developed to determine the appropriate levels of autonomy and automation to design into the nextgeneration spacecraft. 15 While FLOAAT addresses both autonomy (onboard versus ground) and automation (computer versus human user), this scope of the research will focus on the automation aspect. FLOAAT uses the concept of the OODA (observe, orient, decide, and act) Loop (shown in Figure 9 ), which was developed by Col. John R. Boyd as a model for making tactical decisions. In the FLOAAT process, each function is classified into the four OODA types. Questionnaires that are specifically tailored for that function type are given to respondents with the appropriate expertise, and each respondent will address the questions with a qualitative rating (High to Low). These ratings are tallied, and a numeric score is generated for the Trust Limit and Cost/Benefit Limits for automation. The Trust Limit for automation is how much the respondent trusted the software to correctly perform that function. The Cost/Benefit Limit for automation is the cost of automating the function versus the benefit that is received by having that function automated. The limit that is determined to be more restrictive is selected and then used to determine the appropriate level of automation for that function from the Level of Automation Scale (shown in Figure 10 ). Each OODA type has eight levels, ranging from fully manual (Level 1) to fully automated (Level 8). For the automated pilot decision support system, these concepts will be used in the future to create questionnaires, which will be given to GA pilots and software designers to determine the appropriate levels of automation.
B. Warning/Advising Prioritization
For an automated pilot decision support system composed of a variety of automated situation assessment modules, multiple warning and advising messages will be generated simultaneously. Beyond these modules, a functionality called Warning/Advising Prioritization will determine what information is most significant for a given situation. This kind of decision aid functionality is necessary considering the possible large number of messages and the limited pilot attention. Humans can absorb and make use of only limited quantities of information. If all these messages are presented to the pilots without any pre-processing, then the pilots will be overwhelmed with information, and their situational awareness will decrease. Consequently, flight safety is compromised. Each message represents an event that the pilot is required to deal with, and the prioritization results imply the order in which the pilot should handle these events. The result of the prioritization will be used in the pilot display interface to determine an appropriate way to display these messages to the pilot from a human factors perspective. Important considerations are comprehension of the alert, base reaction time, and the impact of the alerting system on total performance. 17 I Technically, the warning/advising prioritization problem can be solved as a decision-making problem, i.e., selecting the best, the second best, etc. among a number of alternatives according to some pre-defined criteria. A fuzzy decision-making method is one candidate for implementing its underlying algorithm. The prioritization of different types of messages considers both the severity and the relative ranking of their underlying events.
Basically, the same types of events are ranked based on the current degree of severity of the underlying events, which is determined by two factors: (1) the time to the occurrence of the event and (2) the consequence if the event occurs. For example, a warning of a potential traffic collision in 30 seconds is more significant than a potential conflict one minute in the future.
The relative ranking of the different types of the events are determined based on the feedback of the pilots. It varies depending on the different flight phases. For example, for the following four events: 1) aircraft stalling, 2) an approaching traffic conflict, 3) the landing gear being up, and 4) approaching the current waypoint, in base segment, their relative ranking is, from high to low, in such order: 1), 2), 4), 3), while in final segment, the order shall be 1), 3), 2) 4).
VI. Conclusions
The High Volume Operation concept of the Small Aircraft Transportation System is based on a distributed decisionmaking environment within which pilots are left with most of the decision-making responsibility. This paper presented an onboard pilot decision aid system called the Small Aircraft Pilot Assistant, which is dedicated to Small Aircraft Transportation System aircraft conducting High Volume Operations. The goal is to increase cockpit decision-making capacity by automating part of the pilot decision-making process, especially in the early stages of information acquisition and analysis. The functionalities of the Small Aircraft Pilot Assistant are as follows: assisting pilots in following the High Volume Operation procedures; identifying the current flight segment; monitoring pilot performance; advising possible pilot mis-operation; and advising potential traffic related hazards. The desired characteristics of the Small Aircraft Pilot Assistant are enabled by Artificial Intelligence techniques used such as Fuzzy Logic and Expert Systems. Pilot evaluation of the Small Aircraft Pilot Assistant was accomplished with a real-time, multi-aircraft, pilot-in-the-loop simulation system called the Multi-agent Intelligent Distributed Airspace Simulation. It is presently capable of middle-fidelity High Volume Operation simulation. Preliminary pilot test results show that the Small Aircraft Pilot Assistant is a promising system to satisfy the cockpit system requirements of the Small Aircraft Transportation System High Volume Operation. It also serves as an ideal test bed for some significant ongoing research effort, which includes determining appropriate levels of automation and automated prioritization algorithm for multiple warning/advising messages.
